Abstract-A novel 3D Frequency Selective Surface (FSS) architecture based on a circular ring unit element is presented. The circular ring was made 3D by creating a cylindrical element of a certain length, adding an extra degree of freedom into the structure. The length of the cylinder is shown through electromagnetic simulation to have a significant effect on the frequency characteristics of the FSS. Increasing the length of the cylinder can change the FSS from a band-stop to a band-pass filter response. The center frequency of both band pass and band stop responses can also be tuned with adjustment to the length. Dielectric materials are introduced in the center of the cylindrical unit cell elements to simultaneously obtain a stop and pass band with a sharp transition. For high dielectric filling materials, the 3D periodic structure exhibits negative refractive index metamaterial properties. A parametric analysis was conducted on these new cylindrical unit elements, and a prototype 3D FSS structure has been constructed and experimentally validated.
INTRODUCTION
Frequency Selective Surfaces (FSSs) have been receiving increased interest in various communication systems applications. FSSs are periodic resonant structures that behave like a spatial filter. The FSS can either block or pass electromagnetic waves of a certain frequency depending on its specific shape or structure. Numerous different resonant shapes have been used for FSS design, for example a circle [1] , square [2] , hexagon [3] and fractal geometries [4, 5] . An FSS can be designed to function with a high-pass, low-pass, band stop or band pass filter response.
A wide variety of methods can be found in the literature for improving the characteristics of traditional 2D FSSs. One trend is to implement a tuning circuit as part of the FSS pattern so that the frequency properties can be varied [6] . High frequency PIN diodes are commonly used to switch on or off sections of the pattern, thus making the surface inductive or capacitive. Another technique is by adjusting the DC voltage applied to a varactor to modify the reflectivity and transmissivity of a FSS. However, these tunable circuit FSSs employ a huge number of active elements, which can increase the size, cost, and complexity of the design.
FSSs with very close band of operation have also been reported recently [7] . When narrow frequency band separation is desirable a multiband FSS can be constructed using concentric double square elements [8] . The band separation is proportional to the gap between concentric elements. Consequently, strict fabrication tolerances are required, and the coupling between the concentric elements difficult to control. A gridded square FSS has also been proposed to yield closer reflection/transmission band ratios of 1.3 to 2.1 compared to greater than 2.5 for the single square FSS [9, 10] . This approach requires a multilayer structure which adds to the complexity and cost of the fabrication.
Multi-layered FSS architectures have also been used to address other shortcomings of conventional FSSs. For instance, a 2D FSS can be sandwiched or stacked between thick dielectric materials in order to obtain multi-band response [11, 12] . Varying the separation width or thickness of dielectric, maximally flat or multiple responses can be obtained. Recently, a 2D periodic array of multimode cavities/resonators was demonstrated [11] offering greater flexibility in terms of controlling the number and position of desired transmission poles and zeros. The cavity modes and coupling can be controlled in order to obtain a desired frequency response. Moreover, 3D FSSs [13] can also offer greater flexibility and extra control providing an extra degree of freedom when compared to a conventional 2D FSS where the design limitations are relatively well known [14] .
In this paper, we propose and investigate 3D cylindrical FSS architectures. The 3D FSS consists of vertically arranged cylindrical unit elements of a certain length, extending the potential functionality of the structure beyond that of its 2D analogue, a circular ring FSS. By varying the length of the 3D cylindrical FSS, the frequency response can be tuned, as well as producing either band pass or band stop operation. A parametric analysis of the 3D FSS cylindrical elements is undertaken using CST electromagnetic software, and experimental validation is attained. In addition, a study in to the effect of dielectric materials introduced in the center of the 3D cylindrical FSS unit cell architecture is also presented. The addition of the dielectric filling can significantly modify the frequency response providing greater design flexibility, and the ability to achieve an extremely closely spaced stop and pass band.
CIRCULAR RING FSS
A 2D circular ring resonator element provides the basis for this investigation. A conventional 2D FSS was created by periodically arraying aluminum circular ring elements on top of a 10 mm thick of foam substrate. The circular ring resonator was chosen since it has been demonstrated less sensitivity to incident wave angle than other shaped elements [15] . A schematic of the FSS is shown in Fig. 1 shown that a smaller diameter results in a higher frequency and a smaller s ensures frequency stability with varying incident angles [15] . Figure 1 (b) shows the circular ring FSS frequency response and equivalent circuit as obtained from an electromagnetic simulation in CST Microwave Studio. The simulation shows that the FSS has the expected band stop characteristic centered at 3.12 GHz. The value of inductance (L = 7.13 nH) and capacitance (C = 0.365 pF) is retrieved by using the following equations [16] :
05; where h = 0.035 mm
3D CYLINDRICAL FSS
The circular ring FSS was made 3D by introducing a certain height to the conductors of the unit elements, creating cylinders with a length l (seen in Fig. 2 ). The desired operating frequency of this 3D cylindrical FSS can be obtained by varying the length of the resulting cylinders. Shown in Fig. 3 is the transmission results of the 3D cylindrical FSS with different lengths (all other parameters are equivalent to those in Fig. 2 ). By changing the length of the cylindrical unit elements to 5 mm, 12 mm, 16 mm and 18 mm as shown in Fig. 3(a) , the center of the stop band shifted to 3.2 GHz, 3.8 GHz, 4.2 GHz, and 4.7 GHz respectively. This frequency shift initially occurs without substantially affecting the stop band characteristics. The transmission minima and bandwidth obtained from the |S 21 | curves are reasonably well maintained until the 18 mm length is reached. At this point a significant depth to the structure has been introduced, instigating a transition from a band stop to a band pass topology for the FSS. As seen in Fig. 3(b) , the FSS creates a band pass characteristic at approximately 6. The 3D cylindrical FSS can be shown to cycle between band stop and band pass performance at a particular frequency as the length is increased. Focusing on 3.12 GHz, the frequency of the circular ring FSS stop band, Fig. 3(c) shows the 3D cylindrical FSS becomes band pass at lengths of 44.5 mm and 92 mm, whilst at an intermediate length of 68.5 mm returns to being band stop. Futhermore at 92 mm length, multiple pass bands can be seen between 1 and 5 GHz. The sequential pass or stop bands create a higher quality factor results thus the bandwidth is reduced. Thus, the characteristic response for a particular FSS geometry can be switched by varying the length of the cylinder in the 3D FSS. Figure 4 shows the surface current density illustrating an increased number of maxima as the length of the cylinder is increased. Band pass reponses shows an odd number of maxima and minima in the current density, while band stop responses show an even number. Band pass responses also correspond roughly to lengths of a half multiple of the free space wavelength, with band stop being in between.
The 3D FSS composed of metallic cylinders exhibits a resonant behaviour which can be described by the LC circuit shown in the inset to 
where r is the radius of the cylinder. A prototype was fabricated using a cylinder length of 44.5 mm to produce a band pass response at 3.12 GHz, and was measured in free space measurement setup as shown in Fig. 6(a) . For the free space measurement, the two horn antennas are placed ∼ 50 cm from each side of the FSS. The setup is calibrated using a flat metal diffraction plate that is the same size as the prototype. The 3D cylindrical FSS prototype is then placed in the fixture and the transmission properties are measured. Fig. 6(b) shows the comparison between the simulated and measured transmission of the 3D cylindrical FSS. Excellent agreement between simulation and measurement results was achieved, particularly in the vicinity of the pass band.
DIELECTRIC FILLING OF THE CYLINDRICAL UNIT ELEMENTS
To highlight the potential functionality and flexibility of the 3D cylindrical FSS, a dielectric material was inserted inside the cylindrical FSS unit elements (Fig. 7) . The introduction of the dielectric material enables an independent variation of the stop and pass band properties of the FSS. A very closely spaced band pass and band stop response is obtained in the dielectric filled FSS structure. The resonant frequency is also reduced, and with high permittivity filling materials the unit cell becomes much smaller than a free space wavelength, essentially giving it metamaterial properties. The structure in Fig. 7 was simulated for different cylinder lengths with a filler material of ε r = 5. As shown in Fig. 8 , the dielectric loading shifted the band stop region to a lower frequency (in the range of 2.56 GHz-2.67 GHz), and a band pass response (with minimum |S 11 |) is also created below 4 GHz. Similar to the previous study of different length FSS cylinders without dielectric filling in Section 3, the band stop frequency marginally increases with increasing l. However, the pass band response rapidly shifts lower in frequency for larger values of l. Partial dielectric filling the cylindrical unit cells sees the band stop response shifted to a lower frequency when the amount of dielectric in the cylinders length is increased. However, a well formed pass band (with |S 11 | < −10 dB) only occurs when the cylinders are greater than 50% full. Close band spacing between band pass and band stop is only achieved when the cylindrical elements are essentially fully filled with the dielectric material.
With the placement of a dielectric filling of ε r = 5 inside each unit cell, the band stop region of the 3D cylindrical FSS in Fig. 7 shifts to a lower frequency of approximately 2.6 GHz (from 4.7 GHz for ε r = 1), as depicted in Fig. 9 . A band pass response is also seen at 3.2 GHz. Using higher dielectric value filling inside the cylinder (also seen in Fig. 9 ) creates sharp band responses that are very closely spaced in frequency. A detailed investigation of the influence of the dielectric filling is shown in Table 1 , including the band pass to band stop ratio. Transmission/Reflection band ratios down to 1.05 are achieved. These ratios are an impressive result compared to greater than 1.3 for a gridded square FSS [7] and more than 2.5 single square FSS [9] , and Permittivity (e) becomes a fraction of a free space wavelength (less than λ 0 /8 is used here) for dielectric fillings with ε r > 40, allowing bulk metamaterial properties to be extracted. Shown in Fig. 10 are the effective permittivity, permeability and refractive index that are retrieved from simulations of a 3D cylindrical FSS with a dielectric filling of ε r = 40 (using the macro available in the CST software). Figs. 10(a) and (b) show that the real part of the effective permittivity and permeability are negative at approximately 1.08 GHz. Moreover, the refractive index in Fig10. (c) confirms that a negative refractive index band lies in the same vicinity. This negative index is achieved with a single uniform unit cell structure, as compared to the binary unit cells used in [18] .
CONCLUSION
In this paper a new type of frequency selective surface based on a 3D cylindrical unit element is described. As height is added to the conducting elements of a circular ring FSS (length of cylinders), the stop band response is shifted to a higher frequency. The transmission minima and bandwidth are reasonably well maintained. At a certain length for a particular operating frequency the FSS changes from band stop to band pass, and continues to cycle between these responses with increased length. The simulated FSS properties were validated through an equivalent circuit model as well as experimental results, both of which showed very good agreement. A close transmission/reflection band separation can be obtained through inserting a dielectric filling inside the cylindrical unit cell structure of the 3D FSS. For a dielectric filling with ε r > 40 the effective electrical size of the unit cell was sufficiently reduced to enable the analysis of the bulk metamaterial properties, which exhibited a negative refractive index band.
The structures in this paper lend themselves to high aspect ratio micro-fabrication techniques for efficient implementation at higher frequencies. The 3D FSS exhibits tremendous potential in alleviating the limitations of 2D FSSs, and offering potential functionality beyond the capabilities of its 2D analogue. Further explorations into the properties of 3D FSS structures (including their angular stability) will be the subject of future work.
